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Abstract: A dynamical model for pseudoscalar-pseudoscalar meson scattering based on meson exchange, 
suitable for use in a variety of low- and intermediate-energy mesonic interactions, has been 
constructed and applied to rr and Krr scattering with good quantitative results. The model includes 
both s- and t-channel exchange, and is found to require pseudoscalar-pseudoscalar coupling to a 
scalar octet to fit the high energy s-wave phases in the I = 0 r~ channel and in the I =f KQT 
channel. Coupling of the rr and KI? channels is found to play a crucial role in explaining the 
S*(975) resonance. 
1. Introduction 
It is generally accepted that quantum chromodynamics (QCD) is the fundamental 
theory of strong interactions. Therefore, in principle, the hadron-hadron interaction 
is determined by quark-gluon dynamics. Unfortunately, little is known about QCD 
solutions in the low-energy (non-perturbative) regime, where most of the nuclear 
and medium energy physics experiments take place. In this region, however, there 
are indications ‘) that most of the dynamics can be understood in terms of color- 
neutral objects, i.e. nucleons, mesons and isobars. Therefore, in the low-energy 
region (low compared to the perturbative QCD-regime), the strong interaction can 
probably be described to a very good approximation within the framework of 
meson-exchange interactions. The basic ingredients of such models are meson- 
baryon-baryon and meson-meson-meson vertices which represent an effective 
description of the very complicated, and mathematically yet intractable, multi-quark 
and gluon exchanges. These vertices contain coupling constants and form factors 
which parametrize the finite size of the hadrons. It is obvious that the meson-exchange 
model is limited in its applicability, and that one expects corrections due to the 
underlying quark structure. The interesting question, however, is where do we see 
those “quark effects” in nuclear and medium energy physics? Alternatively one may 
ask: to what extent can nuclear and intermediate-energy physics be described by 
conventional meson and baryon exchange without reference to the quark degrees 
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of freedom? As the radii of hadrons are given not only by the size of the confining 
region of the quarks, but also by the extension of the surrounding meson cloud, 
the range of applicability of the meson-exchange models may be much larger than 
one expects from oversimplified estimates based on the hadron size. 
The development of the Bonn NN potential 2), which is based on suitably chosen 
non-strange meson-baryon-baryon vertices, is addressed to the latter question. It, 
and subsequent extensions 3*4) to include strange particles, have resulted in a good 
quantitative description of NN, NA, N2, and K’ N scattering with a consistent set 
of coupling constants and form factors. The principal aim of this work is to extend 
the framework of the previous work to include meson-meson interactions: that is, 
to investigate how well and how high in energy the interaction between mesons can 
likewise be described by the exchange of known mesons. Thus we model the strong 
interaction between those mesons and, as the next step, fit the 7rn and Krr data 
with the model. It is hoped that ultimately a single, consistent set of vertex parameters 
will yield a good quantitative description of all baryon-baryon, meson-baryon, and 
meson-meson data up to energies on the order of 1 GeV. 
We wish to emphasize at this point that, although we fix the parameters of the 
model we construct by requiring it to describe 7r7r and Kr data very well, a 
parametrization of the on-shell meson-meson scattering amplitudes is not our aim. 
Our ultimate aim is to construct a dynamical model of the pseudoscalar-pseudoscalar 
meson interaction which will be useful in applications which require a reliable 
off-shell extrapolation of the amplitudes and low and intermediate energies, such 
as final-state interactions in K-decay ‘) or pion double charge-exchange on nuclei. 
The fit of the model to the rn and Kn amplitudes is, then, more in the nature of 
a boundary condition than an objective in itself. Our approach is a nuclear physics 
approach and orthogonal that of S-matrix theory in either its dispersive or dual 
model expressions. Clearly it is also semi-phenomenological in character. While its 
ingredients are known mesons, we exploit the freedom in the form factors to 
compensate for suppressed or missing degrees of freedom. That they are of short 
range and that the quantum numbers of the exchanged mesons appear to be just 
those needed for a good description of the data offers some hope that our aim is 
at least partially achievable. 
In the systems which have been investigated previously, a repulsive core provided 
by the exchange of vector mesons, especially by w-exchange, prevents the two 
hadrons from coming too close to each other, so that one may argue that quark 
effects in those cases are not so obvious. In the case of two pseudoscalar mesons 
that we are investigating here, this repulsive w-exchange is missing, and therefore 
quark effects might show up more clearly. Indeed, we will see that in order to 
understand theoretically the weak interaction at threshold in the spin-parity (J”) = 
0’ and isospin (I) = 0 channel of the mn system, and in the J” = O’, I = $ channel 
of the K7r system, respectively, one has to introduce a repulsive piece of very short 
range into the interaction that cannot be directly connected with experimentally 
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known mesons. This repulsion is necessary in order to cancel at threshold the 
attraction provided by scalar meson exchange. However, we will also demonstrate 
that this effect depends on the way in which scalar mesons are coupled to the 
pseudoscalar mesons. If we use scalar coupling one needs the above-mentioned 
additional repulsion, but if we use derivative coupling this repulsive contribution 
is no longer necessary. 
In this paper we will discuss four major points: 
(i) We investigate the strong interaction between two pseudoscalar mesons in the 
framework of the meson-exchange model. 
(ii) We analyse the 7rn and Kr scattering data in a coupled channel approach 
using this meson-exchange interaction. 
(iii) We explain the resonance S*(975) in the rr7r system in a natural way as a 
quasibound state in the coupled KK channel. 
(iv) We find the masses of the genuine scalar mesons (with and without strange- 
ness) which belong to the scalar meson nonet, and which can be interpreted as 
one-quark-one-antiquark systems, to be around 1400 and 1450 MeV, respectively. 
One of our main conclusions concerns the role of the t-channel interaction between 
pseudoscalar mesons. It turns out that the coupling of these correlated systems to 
the genuine resonances is very strong. The scalar-isoscalar channel - that is the 6: 
phase shift - below 1 GeV is essentially determined by the coupled in and KK 
channels. This means that in the underlying quark model, correlated two-quark-two- 
antiquark configurations play an important role in the whole energy range 
(S 1.5 GeV) we have investigated here. Therefore theoretical models in the quark 
picture which are restricted to correlated quark-antiquark pairs may be too simple 
for the systems we are discussing. 
2. The meson-meson interaction model 
2.1. THE GENERAL SCHEME 
In our model for the meson-meson interaction we follow as closely as possible 
the scheme which has been used previously to construct the Bonn NN potential 2, 
and various extensions 3.4). A meson-exchange model for 7r7r scattering was investi- 
gated some time ago by Ferchlander and Schiitte “). Their interaction model was 
restricted to meson poles and KK and NN pairs in the s-channel. These authors 
did not consider meson exchange in the t-channel, and especially they did not treat 
rrn scattering as a coupled-channels problem. Therefore they had to introduce the 
S*(975) as a genuine scalar resonance. Mennessier ‘) has used a very similar model 
to that of ref. “) to examine the effect of rrn and KK scalar-isoscalar interactions 
on meson pair production in yy scattering. He included coupling between the nrr 
and KK channels phenomenologically, but also introduced scalar resonances at 
approximately 1 GeV and 1.3- 1.5 GeV as explicit s-channel poles in the interaction. 
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More recently Donoghue et ~2. 8, have analysed 7rrr-scattering data in the framework 
of a nonlinear chiral lagrangian up to the one-loop order. With an appropriate 
choice of the four free parameters of their model, fair agreement with the data up 
to 700 MeV is obtained. As the model is restricted to SU(2), the K mesons are not 
considered, so that the possibly important effects of coupling in the rrr and KK 
channels are absent. 
In our approach we start also from a field-theoretic hamiltonian which contains, 
apart from the kinetic energy terms, interaction terms of the form of meson-meson- 
meson couplings, where both strange and non-strange mesons are considered. 
Therefore rrrr-KK coupling arises in a natural way - by t-channel exchange of vector 
mesons with the sme coupling constants that appear in the K?r channel. The total 
hamiltonian is then 
H=H,+ W, (2.1) 
with the free hamiltonian 
H,=C w b+b n n n, (2.2) 
n 
where b: and b, are the creation and destruction operators for mesons that obey 
the usual commutation relations for bosons. The index n denotes all quantum 
numbers which are necessary to specify the respective meson completely: momen- 
tum, spin, isospin and strangeness. The sum in eq. (2.2) runs over all relevant bosons 
(7r, n, K, p, o, K”, n’, 9, f2, E, K, 6) and w, is (with an exception to be discussed 
later) the renormalized (physical) relativistic energy of the mesons. Thus, most 
self-energy effects are automatically included and need not be evaluated explicitly. 
The interaction hamiltonian W is of the form: 
The vertex functions W$, can be derived from suitable interaction lagrangians, 
namely 
L’pps = gppslflpa)p(~)#p(x)#s(~) (scalar coupling) 
or 
bx =fT ~“4p(x)~,4p(xMs(x) (derivative coupling) 
and 
(2.4) 
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Here 6, &, cbt, and 4P” are the field operators for scalar, pseudoscalar, vector, 
and tensor mesons, respectively. Note that only the space-spin part is given. The 
additional SU(3) flavor part, when added, leads to the characteristic coupling 
constant ratios used in the present paper (see sect. 3). Defining L to be the sum of 
all these lagrangians, W (eq. (2.3)) is determined from W = -I L d3x. The resulting 
vertex functions are modified by introducing form factors, F, whose explicit form 
will be specified later. Treating H in time-ordered perturbation theory, the matrix 
elements of the transition operator T(z) can be represented by a series expansion 
defined by ali diagrams containing an incoming and outgoing two-meson state, 
/b,b,)= bzbi,fO), with 10) the vacuum state: 
+(b..bm,IWZ_d +iE 
0 
W,_i+iE W,_i +iE wlbnbm) 
0 0 
+**a, (2.5) 
where z = w, + w, is the starting energy. 
This series can be partially summed by solving a (three-dimensional~ integral 
equation of Lippmann-Schwinger type: 
(b,&&-(z)~b,bz,J= 8(3)(~n+~, -~n~-~m,)(bn~brn~lVtz)lbnbm) 
+ r: S’“‘( pnw+pmn -p,,-p,,)(b,,b,,lv(z)tb~~b~~} 
n “?n ” 
1 
X + iE (bn-bm~~~Uz)~b,,b,~ . (2.6) 
z - w,,, - CO,,, 
The kernel of this integral equation, the quasipotential (b,,b,,l V(z)jb,b,), consists 
of the infinite sum of all diagrams which are irreducible with respect to the entrance 
channel. Diagrams involving at least one intermediate state consisting of the particles 
in the entrance channel are generated by the scattering equation. 
2.2. COUPLED-CHANNEL FORMALISM 
In principle, V(z) contains, for a given entrance (and exit) channel - say rr - 
processes with an unlimited number of Kl?, r/q, TW, pp, etc. intermediate states. 
Since the ICE channel will turn out to be of extreme importance, we will treat this 
channel exactly in a coupled-channels framework. The 77~~ channel, due to weak 
coupling to the rr7r channel and weak ~7 interaction, has negligible effects. Treat- 
ment of other channels we defer to a future study. Of course, below the I& threshold, 
this coupling occurs only virtually in the 7rrr system whereas I& scattering, because 
of real transitions to the rrrr system, is inelastic for all energies. 
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We start by defining, in the c.m. system, channel matrix elements of V(z) and 
T(z), i.e., ($1 V”‘(z)lP). H ere i’(i) denotes the outgoing (incoming) channel with 
i = 1,2 denoting, e.g., the n-rr and KK channels. Using these definitions, eq. (2.6) 
can be written as (omitting the S-functions) 
+c .I d3p~~(pfIV”i”(z)lp”) (2.7) i”=r 2 
Here 3 w$’ denotes the intermediate energy in channel i”, i.e. 
w y = 2w,4 7r) , wy = 2w,4 K) . (2.8) 
Vi” now consists of a reduced, but in principle still infinite, sum of all processes 
which are irreducible with respect to both the TTTT and KI? channels. 
Eq. (2.7) can be written in matrix form: 
(~‘I~(z)lp)=(p’lv(z)lp)+ d3~“(~‘IV(z)l~“)G~(~“, dwl WP) (2.9) r 
with the definitions 
Gdp”, z) = 
J 
( 
1 
z--w:j+iF 
0 
0 
1 
z-w$)+iE 
V(z) = ( V”(z) V2(z) V21(z) > V22(z) ’ (2.10) 
and similarly for T(z). 
If we suppress the influence of the direct interaction in channel 2 (KK+ KK) on 
the interaction in channel 1 ( TT + 7~7~) by setting Vi$’ equal to zero, eq. (2.7) can 
be decoupled, 
(P’l wz)lP)=(P’l W4lP) 
+ d3p”(p’l f”(z)lp”) 1 J 
+ J d3p”(p’l V”(z)lp”> z _ ,;,)+ ie (~“1 T”(z)(P) 3 (2.11) 
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with the effective potential 
J” 1 4 d$“($j V’“(z)]&‘) z _ @:!+ it: ~P”lV*‘(+‘) . (2.12) 
Thus, in this approximation, the coupling effects of the I@. channel on the rrrr 
channel are given only by box diagrams with KK intermediate states. We will 
investigate the quality of this approximation later. 
2.3. DETERMINATION OF THE QUASIPOTENTIAL V(z) 
Of course, for practical reasons, one has to restrict oneself to those processes in 
V”‘(z) which are of relatively low order in W. The processes actually taken into 
account in our model are shown in fig. 1 for the ~73; and in fig. 2 for the Kz- cases. 
We stress already here that both s- and t-channel p(K*) exchange have to be 
7T 7T 7T 77 
rr 7T 
Fig. 1. Diagrams included in our coupled-channel model for the VW and RK interactions, for one of 
two possible time orderings. (a) contains processes in the S-ST+ 7~-zr channel, (b) those in the l&+ Kl? 
channel, and (c) describes the ?T?T +Kii transition. 
520 D. Lohse et al. / Meson exchange model 
K rr K 7T K rr 
Fig. 2. Diagrams included in our model for the Kn interaction, for one of two possible time orderings. 
considered in the ~GT(K~) channel in order to achieve a quantitative description 
of the data. Whereas the scalar-isoscalar ~(1400), the isoscalar spin-two meson 
f2( 1270), and the strange K( 1430) are definitely needed as s-channel pole graphs to 
account for the empirically observed resonant behavior in the corresponding partial 
waves, their t-channel contributions are, because of their large mass, too short-ranged 
to be of any relevance and are therefore neglected. 
Starting from the interaction lagrangians given in eq. (2.4) we obtain for the 
potential arising from t-channel vector meson exchange, in a general reference frame 
characterized by incoming (outgoing) four-momenta P, , p2 ( pl,, p2,) and correspond- 
ing relativistic energies Wi = ( p: + mf)“2, 
1 1 
X 
[ 
+ (2.13) 
Z-CO,’ -w-w, Z--6+’ 1 -co,-0, . 
Here, w, is the energy of the exchanged vector meson (Y and ~~(p,, A,) is the 
polarization vector belonging to a spin-one particle with momentum pa and helicity 
A,. The factor n is i for the rr~ -+ nn- channel, 4 for the rn + KI? transition, and 
1 for the Kl?+ Kl? channel. IF is a factor depending on the total isospin of the 
considered reaction; it is given explicitly in table 1 (see the following section). The 
form factors F will be specified below. Note that eq. (2.13) contains both possible 
time orderings (see fig. 3a, b). 
Fig. 3. Time orderings contributing to the t-channel (a, b) and s-channel (c, d) exchange. 
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The corresponding s-channel process (fig. 3c, d) is described by a similar 
expression, namely 
(1’2’1 V~‘Wll2) = E 3 F’“%Z,) 8w,(wn; I,”w2)‘,* 
1’ 2’ 1 
1 1 
X 
[ 
-+ 
Z-CO”, 1 z-q’-w2’-w,-o~-w, . 
(2.14) 
Here CO”, denotes the energy connected with the bare mass of the particle in the 
intermediate state which, after unitarization by means of eqs. (2.9)-(2.12), is shifted 
to the physical mass due to self-energy corrections. In contrast, the t-channel process 
(eq. (2.13)), as well as the second piece of eq. (2.14) (fig. 3d), should contain the 
physical mass from the beginning since here unitarization, which occurs in the 
s-channel only, does not generate corresponding self-energy contributions. 
The s-channel processes involving a scalar meson depend on the kind of vertex 
coupling used. For scalar coupling we have 
~1’2’lv~~~(z)l12)~~F”‘*(q2) 8w~(wn~1~ w 
1’ 2’ 1 2 
)I,2 
and for gradient coupling 
XmZ, 
1 1 
-+ 
z-w”, z-w,‘-w2’-w2-w, 1 (2.15a) 
(1’2’1 v::&m =g3 m43 sw,cwn; I,” w 
1’ 2’ 1 2 
),,2 
x (PI’-P2’)2(P1 -P2J2 
[ 
1 I 1 
m2, z-w”, Z_W,‘_W2’ -w,-w2-w . a1
Finally, the tensor meson resonance f2 results in 
w2’Iv(z)ll2) =; $f$ ~%?3 *w,.(wn~21~Iw2)“’ 1’ ’ 
x (P1,-P2,)cL(P1,-P2,)y(P* -Pz)ph -P2L~pY(Pa, ~a)EPUbL, Aa)” 
[ 
1 1 
X -+ 
z-w”, z-w,‘-w2’ 1 -w,-w2-0, ’ (2.16) 
with E@” the polarization tensor describing the spin-two meson. 
2.4. FORM FACTORS 
The potentials contain form factors describing the extended hadron structure. In 
principle, they are completely determined by the underlying quark-gluon dynamics. 
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However, because of the enormous complexity of QCD in the low-energy regime, 
their derivation is not possible at present. Therefore they are suitably parametrized, 
leading to the required suppression of the meson exchange contributions for higher 
momentum transfers. Although they depend in general on all three 4-momenta 
involved at the vertex, they are usually parametrized in a simple form depending 
only on the 3-momentum of that particle which is exchanged in the corresponding 
potentials. 
For t-channel exchange, we use at each vertex a form factor of conventional 
monopole type 
(2.17) 
where m, is the mass of the exchanged meson in the t-channel and qa its 3- 
momentum. 
When the particle appears as an s-channel resonance we take either the form 
where wp is the total energy of the incoming (or outgoing) state, or 
(2.18) 
(2.19) 
The latter form is needed for the gradient coupling of the scalar meson as well as 
for the tensor meson in order to generate sufficient convergence. The change of the 
form factor parametrization when going from the t- to the s-channel is necessary 
and justified since we are in very different kinematic regimes. 
2.5. SCATTERING PARAMETERS 
In order to obtain the scattering observables we must first perform a partial wave 
expansion of the quasipotential V”‘(z), namely 
(p.~v’~‘(z)~p)=~~(25+1)P,(cos e)v;‘(p’,plz), 
where 0 is the angle between p and p’ and 
I 
+1 
v;i< p’, plz) = 27r d cos BP,(cos e)(p’IV”‘(z)jp). 
-1 
After an analogous expansion for T, eq. (2.7) for partial waves is 
T;‘( p’, plz) = v;y p’, plz) + 
(2.20) 
(2.21) 
TY’( p”, plz) 
(2.22) 
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(A corresponding equation is obtained for the uncoupled case, eq. (2.11)). The 
S-matrix is then obtained from the on-shell T-matrix by 
S;‘(z) = ai.1 _ 2rrj(pi’pi)~/27-;‘i(z) (2.23) 
with density p’( p”) in the entrance (exit) channel given by pi = pCif2 dp’“/dw”‘, mfi) 
being the sum of meson energies in the initial and final channels. These S-matrix 
elements in channel space are conventionally parametrized by 
v---i I 1 _ 77,(z) ,$“‘(z) 
n,(z) e2is:-“czr ’ (2.24) 
2.6. NUMERICAL METHODS 
Solution of the resulting partial wave equations, for both the coupled and un- 
coupled channels, is done by straightforward numerical matrix inversion. We use 
the method of Haftel and Tabakin9), generalized to include coupled channels, to 
regularize the principal value integrals. A 30-point gaussian quadrature yields stable 
results throughout the energy range considered in this work. 
3. Model parameters 
3.1. COUPLING CONSTANTS AND SYMMETRIES 
For the pseudoscalar-pseudoscalar-vector coupling we determine the coupling 
constants from the SU(3)-symmetric lagrangian 
LPPv= -$G,Tr([P,d,P]_V’“), (3.1) 
where P is the 3 x 3 matrix representation of the pseudoscalar meson octet, P = A “P ‘, 
a=l,... ,8, and A” are the 3 x 3 generators of SU(3). An equivalent definition is 
used for V”. In terms of explicit SU(3) indices, this leads to 
L ppv = G,fuh’P”a,PhV’~~, (3.2) 
where fa” are the antisymmetric structure constants I”). This gives the following 
relations between the relevant pseudoscalar-pseudoscalar-vector coupling con- 
stants: 
gKKp = $GX, = G , 
g KKwx = -%iTy, = fiG, 
gK9K* = --gRlk* = -&G,, 
gErp=ggRnKi=-Gv, (3.3) 
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with all others zero. The notation gap, denotes the coupling constant for the process 
LY + /3 + y, and standard isospin-invariant couplings within an isotopic multiplet are 
implied. Thus, for example, L,, = g~~pEijkTi~CL~jp~, and gKKp = gmp implies 
gK+K+pO = gROROpo = -gKOKOpO = -g,-,-, 0. Vector octet-singlet mixing is included, with 
the mixing angle taken to be “ideal”, so that the physical w-meson contains only 
non-strange quark-antiquark pairs, and the physical p-meson is pure SS. The coup- 
ling g,,, is determined from the empirical width of the cp within the Lee model, 
which gives gKKe = JzgWWP to an accuracy of 1%. In the actual calculation this 
relation is assumed to hold exactly. 
The pseudoscalar-pseudoscalar-scalar coupling to the O+ octet and to the Oc 
singlet would, in principle, be given by the SU(3)-symmetric lagrangian 
L,,,=:GzTr[P, P]+S)+iGfTr([P,P]+)si, (3.4) 
where now S is the 3 x 3 representation of the scalar octet and E, is the scalar SU(3) 
singlet. In terms of SU(3) indices this gives 
Lpps = G:dabcP”PbSc + G:SabP”Pb~, , (3.5) 
leading to the following relations among the coupling constants: 
mpg,,+ = 2GG:, 
mpgkkEs = mpgaq = -dG:, 
mPg77E8 = -2GG;, 
mPg=KK = -mPgRrK = Gf , 
mpgKqK = gR,,* = -GG:, 
mpg+ = 2gGz, 
mpgKKs = -mpg=, = G! , 
where S is the I = 1, S = 0 member of the Ot octet, E* is the Z = 0, S = 0 member, 
and K and K are the scalar analogs of K and I?, respectively. For the singlet scalar, 
the coupling constants are 
mpgm7TE, = mPgKKEl = mPgEi&, = mPgl)llE, = Gz . (3.7) 
The lagrangian for derivative coupling to the scalar octet and singlet is taken to be 
L pps =+Fz Tr [(#‘P, ?i,P]+S)+;Fb Tr ([$‘P, t~~P]+]a~ (3.8) 
with relations analogous to eq. (3.6) between the coupling constants f &/mp and 
Fz and f &,/mp and Fi . 
In the limit of exact SU(3) symmetry, mp is the (degenerate) mass of the pseudo- 
scalar octet. Taking mp= m, everywhere, as is done in this calculation, breaks the 
SU(3) symmetry of the vertex functions WgLy. 
At the level of the lagrangian, the model is fully crossing-symmetric and, except 
for mass differences, SU(3)-symmetric as well. Of course, our use of s- and t-channel 
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form factors, and the unitarization prescription, will violate crossing symmetry, but 
the same can be said of any unitarization scheme which effectively iterates a subset 
of diagrams. Thus we must allow the phase shifts, which presumably reflect all the 
symmetries, to enforce them a posteriori. 
In the case of chiral invariance, our vector-meson interaction lagrangian is very 
similar to that of Fujiwara et al. ‘I), who treat the vector mesons as gauge bosons 
of hidden local U(3), local symmetry of a non-linear U(3)L x U(3), global chiral- 
symmetric langrangian. We do not, however, have the “contact” terms which arise 
in the non-linear model, so that chiral symmetry is slightly broken by the interaction, 
as well as by the pseudoscalar mass terms. The derivative coupling of the scalar 
mesons is chiral-symmetric. Again, as with crossing symmetry, we rely on nature 
for at least a partial restoration of the symmetry. 
Although one could take the chiral lagrangian of ref. ‘l) and unitarize it according 
to our prescription - including attaching phenomenological form factors to the 
contact terms, that would be contrary to the intent of the non-linear chiral lagrangian 
as an effective lagrangian to be used at the tree level. To go beyond the tree level 
and maintain chiral invariance, one would have to employ the machinery of chiral 
perturbation theory 12) as done by Donoghue et al. “) in the SU(2) sector using a 
lagrangian containing only powers of the pion field and its derivatives. Unitarity 
then becomes a problem, since the one-loop approximation generates only the trivial 
unitarization of the tree-level approximation, so that resonant amplitudes are poorly 
described, which adds to the practical problem of the method being far too cumber- 
some for the applications we envision. In passing we note that, in the limit of m, + 0, 
the lagrangian used by Donoghue can be obtained from that of Bando et al. 13) 
(which is the SU(2) version of the lagrangian of Fujiwara et al) taken in the limit 
of large IV, [ref. I”)]. 
3.2. CHOICE OF PARAMETER VALUES 
Coupling constants, form factor parameters, and bare masses employed in this 
work are shown in table 1 for 7rn, and in table 2 for Kr scattering. All coupling 
constants in vector meson-exchange processes are related by SU(3) symmetry to 
the rrrp coupling, which is determined from the empirical ZTV data. Further coup- 
lings involving the scalar (F, K) and the tensor (f2) mesons are independently adjusted 
to the data. Note that since we do not consider both a8 and a,, our E effectively 
represents a sum of both contributions, in contrast to the K, which is pure octet. 
Thus it is not surprising that the resulting E coupling is larger than the K coupling. 
Furthermore, since both scalar couplings involve the mass, symmetry breaking of 
the order of (m,/m,), or even (rn,/n~,)~ should also be expected 15). 
The cutoff masses in t-channel processes are adjusted to the scattering data. All 
values turn out to be rather large; i.e., the data require essentially pointlike couplings. 
This is especially true for the direct KK interaction, which has to be sufficiently 
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TABLE 1 
Parameters used in the t- and s-channel interaction for rrrr scattering. In the first column we show the 
corresponding graphs and in the second one the isospin (I) and isospin factor (IF) with which the 
two-body matrix elements have to be multiplied. The coupling constants which were used are given in 
column 3 (for details see the discussion in the text). The numbers in column 4 refer to the different form 
factors defined in eqs. (2.17)-(2.19) and the corresponding cut-off parameter (A) are given in column 5. 
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TAELE 2 
Parameters used in the t- and s-channel interaction for Kv scattering. The notation is the same as in 
table 1 
strong in order to reproduce the characteristic jump of the phase shift in the rrrr 0’ 
channel. Cutoff masses in s-channel processes are set at 3 GeV. All bare masses are 
then determined by the fit to the data. In fact, the results for m, depend strongly 
on the choice of A, and there is a wide range of (A, mO) values leading to acceptable 
fits of the data. For example, in case of p-exchange, the combinations A =2 GeV, 
m,=966 MeV and A = 4 GeV, M@= 1350 MeV lead to equally acceptable descrip- 
tions of the data. In other words, each value of m0 between those two limits is 
possible, with a suitable choice of A. Thus, a better determination of m0 would 
require a precise knowledge of the strong wrp form factor. 
In principle, a11 s-channel meson exchanges should appear also as t-channel 
exchanges in order to satisfy crossing symmetry, even though the form factors and 
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the unitarization prescription break crossing symmetry. However, it was found in 
the course of the calculations that the t-channel exchange of the fi, E, and K mesons, 
because of their high mass and the type of coupling, had negligible effects on the 
results in the range of energy investigated. They were therefore omitted as a matter 
of calculation convenience. At higher energies they would have to be included. 
More serious, however, is the absence of an explicit contribution to the quasipoten- 
tial arising from the exchange of rrrr systems with c.m. energies in the range of 2m, 
to -1 GeV, presumably in a relative s-wave (the so-called p-channel). Since the 
I = 0 s-wave amplitude is not small, the effects should be appreciable. Within the 
model this low-mass 27r exchange contribution could be generated by diagrams 
which present two p-mesons in the s-channel. Evaluation of the 2rr-2p box diagram, 
for example, gave a small but non-negligible contribution to most amplitudes. 
4. Pion-pion scattering 
4.1. ROLE OF p-EXCHANGE 
We start with the I = J = 1 and I = 2, J = 0 phase shifts which both serve to pin 
down the p contribution, in the s- as well as in the t-channel. This is possible because 
the coupling to the KK-channel does not play any role here - for several reasons: 
first, the KK system cannot be in an I = 2 state; second, the coupling to the KK 
channel leads to very short-ranged contributions (of second order in K* exchange) 
in the rrrr channel, so that essentially only s-waves are affected. In addition, the 
direct KK interaction, because of strong cancellations between p- and w-exchange 
in the I = J = 1 channel (see table l), is quite weak there. 
The resonant behavior in the I = J = 1 channel requires the inclusion of s-channel 
p-exchange in the interaction. If only the pole contribution (fig. 3c) is taken into 
account, we have, in essence, a Lee model 16), with the benefit of everything being 
finite due to the use of form factors. Unitarization of the scattering amplitude via 
the scattering equation (eqs. (2.9)-(2.12)) will cause the resonance in the amplitude 
which is generated by the pole in the quasipotential to be shifted considerably from 
the position of the quasipotential pole, and the resonance will acquire a width as 
well. We can speak of the location of the pole in the potential as the “bare” mass 
(m,) of the particle, and the location of the resonance in the physical amplitude as 
the “renormalized” or “dressed” mass (m) of the physical particle. 
This Lee model has to be extended by including the negative-energy contribution 
of the s-channel process (fig. 3d) and t-channel p-exchange. (The presence of the 
latter contribution is dictated by various other partial wave phase shifts; see below.). 
The scattering equation is then solved numerically and m, and gi, are adjusted 
to the empirical 8: phase shifts. We show the results in figs. 4 and 5 for the imaginary 
part of the amplitude and for the phase shift. The inclusion of the process of fig. 
3d shifts the Lee model result for the mass very slightly and leaves the width virtually 
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Fig. 4. The imaginary part of the I = 1, J = 1 partial wave amplitude, showing the effect of various 
processes. The long-dashed curve shows the effect of the s-channel pole alone in the quasipotential. The 
dot-dashed curve shows the effect of including the contribution of fig. 3d. The strong enhancement of 
the width of the physical resonance due to t-channel contributions is shown by the solid curve. 
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Fig. 5. The same effects as in fig. 4 for the S: phase shift, compared with results of two phase-shift 
analyses, refs. “,“). 
530 D. Lohse et al. / Meson exchange model 
unchanged. Turning on the t-channel “background” interaction has, however, a 
significant effect. Whereas the position of the resonance is shifted only slightly - to 
a lower energy, as expected, since t-channel p-exchange is attractive in this channel, 
the width is increased by approximately 50%. This is the reason why our mrp 
coupling constant is correspondingly smaller than the value deduced from the width 
of the physical particle (2.1 compared with 2.94). Similar effects, often more dramatic, 
occur in other pole-driven channels (see table 3). Note that the presence of t-channel 
p-exchange also affects the size of the other contributions since all SU(3) predictions 
of coupling constants are based on g&,/4n = 2.1. 
The I = 2, J = 0 phase shift is used to fix the cutoff mass A at the wrp vertex in 
the t-channel. (An s-wave is needed since it is most sensitive to variations of the 
cutoff parameter). In fact, the repulsive nature of the phase shifts in this channel 
definitely requires t-channel p-exchange. With A = 1700 MeV, the theoretical results 
reproduce the data well as long as the two analyses agree (see fig. 6). At least the 
data of Froggatt et al. I’) seem to indicate that the 7rrr interaction has to be less 
repulsive beyond 800 MeV. The missing attraction at higher energy might be con- 
nected with the contribution of the correlated pp channel, which we have not yet 
considered. 
Having fixed all parameters in (s- and t-channel) p-exchange, we now make a 
prediction for the I = J = 2 phase shift. Again, t-channel p-exchange is the only 
piece that can contribute and, indeed, leads to perfect agreement with the empirical 
phase shifts (see fig. 7). 
4.2. THE fi MESON 
Apart from a small effect due to t-channel p-exchange, the I = 0, J = 2 channel 
is dominated by an explicit resonance in the s-channel - the f,(1270) meson. In 
TABLET 
Bare (m,J, renormalized (m, mJ masses and widths r, rL for the s-channel resonances 
used in the present paper; m and r are the empirical values, which agree with the 
results from the complete calculation; mL and rL are obtained when the t-channel 
interaction is turned off. The upper and lower values for E and K correspond to scalar 
and derivative coupling, respectively 
Meson m r m0 mL rl_ 
E 1400 150-400 1300 1335 600 
4000 4850 650 
K 1429 287 1400 1380 260 
1600 146 46 
P 769 153 1077 813 109 
K* 892 51.3 1077 921 32 
fi 1274 185 1893 1391 170 
D. Lohse et al. / Meson exchange model 
-35- \ 
\ 
-40 I I I I I I I I I I 
300 400 500 600 700 800 900 1000 1100 1200 1300 
ECUS (MeV) 
Fig. 6. The I = 2, J = 0 rrrr phase shift, obtained from t-channel p-exchange, for various cutoff-masses 
A (solid line: A = 1700 MeV, dashed line: A = 1300 MeV, dash-dotted line: A = 2100 MeV). The empirical 
analyses are those of refs. “.19). 
order to reproduce the experimental phase shift shown in fig. 8 we have to introduce 
a meson of mo= 1895 MeV (based on A,,, = 3.0 GeV) that produces a resonance 
at m = 1274 MeV with a width of 185 MeV (cf. table 3). 
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Fig. 7. The I = 2, J = 2 rr?r phase shift compared with the data from ref. 19). 
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Fig. 8. The I = 0, J = 2 phase shift. The dot-dashed curve shows the result with only t-channel exchange. 
The solid curve shows the result when the f, meson is included as an s-channel contribution in the 
potential. The data are taken from refs. “.“). 
4.3. THE SC-ALAR-ISOSC:ALAR CHANNEL Ic;(Jpc ) = O-(0’ ‘) 
We finally come to the most interesting channel, with quantum numbers IG(Jpc‘) = 
O+(O++). The experimental nr phase shift in this channel (6:) shows a 180” jump 
in a narrow energy range around E = 980 MeV. This resonance (S*(975)) was 
originally interpreted as a member of the scalar qq nonet. Jaffe 2”) has pointed out 
that this interpretation leads to difficulties and suggested that S*(975) and f,,(980) 
might be four-quark states (two-quark-two-antiquark), whereas the genuine qq 
scalar mesons should be several hundred MeV higher in energy. We will show that 
in our model the spectrum below 1 GeV is essentially given as a correlated two-pion 
and two-kaon system. Similar conclusions have been obtained by Weinstein and 
Isgur “) from quark model calculations and by Barnes 22) from a study of two-photon 
decays. 
4.3.1. Omitting the Kl? interaction. In order to demonstrate the outstanding role 
of the direct KK interaction in the present results, we first leave out this contribution. 
That is, we solve eq. (2.12) with the effective potential c,, in the 7rrr channel 
consisting of (t-channel) p-exchange plus the second-order box diagram involving 
the KK intermediate state, as shown in fig. 9a. As demonstrated in fig. 10 for fig, 
both contributions are quite small and cannot account at all for the observed 
resonance behavior around 1 GeV. In order to obtain agreement with the empirical 
situation, one may include a genuine scalar meson in the s-channel (pole graph), 
the coupling parameters and mass of which are appropriately chosen. We mention 
that such a procedure has been previously used in refs. 6.7), but with omission of 
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Fig. 9. Coupling of the ww and KK channels by K* exchange. (a) includes the KK box diagram only 
whereas (b) takes in addition the direct KK interaction into account. 
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Fig. 10. The predictions of four different models for the I =0, J=O nrr phase shift. The dot-dashed 
curve is the result for p-exchange only. The short-dashed curve includes the effect of coupling to the 
KK channel with no diagonal KK interaction. The long-dashed curve includes strong t-channel exchange 
contributions in the KK channel (model I). The solid curve adds the E as an s-channel process, with 
derivative coupling (model II). Experimental phase shifts are taken from refs. ‘7~‘*~23*24). 
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the t-channel interaction. The inclusion of Kl? box diagrams leads to the required 
decrease of the rrrr flux beyond the Kif threshold. The theoretical prediction, 
however, does not quite reproduce the experimental situation, as shown in fig. 10 
(short-dashed line). 
4.3.2. Full coupled-channels approach. As table 1 shows, the t-channel interaction 
between KK pairs for Z = 0 is rather strong and attractive because all contributions 
add coherently. Therefore we expect a much larger effect from the KK channel if 
we take this interaction into account by solving eq. (2.9) simultaneously for nr and 
KK. The effect on the phase shift due to this channel is indeed very strong, as 
demonstrated in fig. 10 (long-dashed line). We observe a rapid increase in the phase 
shift which comes from a quasi-bound KK pair. Because of the attractive interaction 
in the t-channel, this state is shifted by several MeV below threshold, which gives 
rise to a strong resonance-like behaviour in the phase shift. In fig. 11 we observe 
that the inclusion of the direct KK interaction leads only to a minor modification 
of the elasticity 7~:. It is important to mention that so far only t-channel interactions 
have been taken into account. We refer to this as model I. We do not need to 
introduce a genuine scalar resonance around 1 GeV in order to reproduce the 
experimental phase shifts from the rrv threshold up to 1 GeV. Beyond 1 GeV, 
however, the theoretical results deviate qualitatively from the more recent experi- 
mental phase-shift analyses. The data clearly indicate an additional resonance 
behavior that we will investigate in the next section. 
4.3.3. The genuine scalar meson. As we explain the phase jump at 980 MeV as 
being due to a quasi-bound KK pair, it is obvious that the further increase of the 
0.00 I I I I I I I I I I I 
300 400 500 600 700 800 900 1000 1200 1400 
ECMS (MeV) 
Fig. 11. The predictions of four different models for the elasticity parameter in the I = 0, J = 0 rw 
channel. The various curves correspond to those in fig. 10. Experimental information is taken from 
refs, 17.W3.24), 
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phase beyond 1 GeV, in view of the absence of important open channels in that 
region, should be connected with the genuine scalar mesons which belong to the 
scalar SU(3) nonet - one a member of the octet and the other a singlet. The particle 
data group 2’) lists a scalar meson fO( 1400) (the previous e( 1300))at 1400 MeV with 
a width of 150-400 MeV that decays mainly into two pions. We introduce in the 
following a scalar meson (which we refer to as the E meson), the bare mass and 
the coupling constant of which we take as free parameters that are adjusted to fit 
the experimental phase shifts beyond 1 GeV. The corresponding cutoff mass is set 
to 3 GeV. 
Of course, one can couple the scalar meson in various ways to the pion: one way 
is the usual scalar coupling; the other possibility is the derivative coupling (see eq. 
(2.4)). The two couplings lead to quasipotentials with quite different properties. In 
contrast to the scalar coupling, the derivative coupling increases strongly with the 
pion momentum above 1 GeV and gives rise to a quasipotential which hardly alters 
the phase shifts below 1 GeV. Since model I already describes the data up to 1 GeV 
satisfactorily the derivative coupling seems to be preferred. Indeed, if we add the 
E meson with this coupling (model II), good agreement between theory and experi- 
ment is obtained throughout the whole energy range cf. figs. 10,ll). The bare mass 
and the coupling constant (which is directly connected with the width) of the E 
meson has been chosen to reproduce the high-energy data of Ochs 23) and Froggatt 
et al. “), leading to a physical mass of about 1400 MeV and a width of approximately 
400 MeV, as estimated from an Argand speed profile. (The inelasticity renders a 
more precise determination of the mass and width impossible). The resulting values 
for the 77: parameter lie between the experimental data points of Ochs and those 
of Froggatt which have, unfortunately, large error bars. Nevertheless, it appears 
that not only the phase shifts but also the inelasticities calculated with model II are 
in better agreement with the experimental data than those of model I. 
The difference between scalar and derivative coupling is nicely demonstrated by 
a Lee model calculation based on (s-channel) e-exchange. Corresponding results 
for the Sz phase shift are shown in fig. 12. In the case of scalar coupling, the strong 
attractive interaction in the low-energy range would destroy the already good 
agreement between theory and experiment provided by model I. However one can 
restore the good results without eliminating the improvement at higher energies if 
one introduces a very short-ranged repulsive contribution, which we parametrize 
here by (s-channel) scalar-meson exchange of opposite sign. The mass of this 
inverted-sign scalar meson is set to 4 GeV and the coupling parameters are adjusted 
until the experimental scattering length a: is reproduced. The results for 8: and 7: 
derived from such a model (II’) are shown in fig. 13. Obviously, the agreement with 
experiment is as satisfactory as before, although the predictions of models II and 
II’ differ somewhat around 1.1. GeV. 
Of course, such a repulsive contribution is in some sense an unpleasant feature 
because it cannot be easily justified in the meson-exchange framework. On the other 
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Fig. 12. The I = 0, J = 0 phase shift due solely an s-channel pole (E meson) in the potential. The solid 
curve is for scalar coupling; the dashed curve is for derivative coupling. Bare masses and coupling 
constants have been adjusted to produce a phase shift of 90” at 1400 MeV. The cutoff mass A is set at 3 GeV. 
hand, it might be an indication of quark-gluon effects, i.e. phenomena beyond the 
meson-exchange picture. 
In any case, whether the derivative coupling (model II) or the scalar coupling 
plus phenomenological repulsion (model II’) is nearer to the physical reality remains 
to be clarified. 
Finally, we compare in fig. 14 the calculated transition phase shifts 8J I = J = 0) 
for VT + KK with the experimental ones. These represent a real test for our models 
because all parameters have been fixed from foregoing studies. Indeed, model II 
provides a good description of the empirical data. Obviously both the strong direct 
KK interaction and the genuine E meson are needed to obtain agreement with 
experiment. 
4.4. SCATTERING LENGTHS 
Since, in general, none of the resulting scattering lengths has been fitted to the 
experimental data (with the exception of a8 in model II’), the experimental values 
provide another test of our interaction model at low energies. In table 4 our results 
are compared with the experimental data. As in the ai and a: case no s-channel 
resonances exist; the scattering length is completely generated by the t-channel 
interaction. As discussed before in the case of derivative coupling, the influence of 
the E-meson on the scattering length ai is weak compared with the other t-channel 
interactions. On the other hand, the influences of the p-meson on ai is very strong 
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Fig. 13. The I = 0, J = 0 T-T phase shift (a) and elasticity parameter (b) calculated with model II’, which 
contains t-channel exchanges, coupling to KK with strong I = 0 KK interaction, and an s-channel scalar 
meson (a) with scalar coupling plus a repulsioe scalar term of short range to compensate the scalar 
attraction at low energy. The experimental phase shifts are taken from refs. ‘7~‘8~23~24). 
because the resonance is relatively low in energy. In the case of a:, the contributions 
of the t-channel interactions and of the f2 meson are about equally strong. Obviously 
the overall agreement between the theoretical and experimental scattering data is 
good, especially if we bear in mind that these data have not been used in the 
adjustment of the model parameters. 
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Fig. 14. The transition phase shift for rrrr-KK in the I = 0, J = 0 partial wave calculated with model II. 
The long-dashed curve shows the result when the e-meson is omitted whereas the short-dashed curve is 
obtained when, in addition, the diagonal KK interaction is suppressed. Experimental phase shifts are 
taken from refs. 26-29). 
We remind the reader that below 1 GeV all amplitudes but for the I = 0 s-wave 
are driven solely by t- and s-channel single vector-meson exchange; no explicit I = 0 
t-channel contribution of range <l GeV-’ appears in the quasipotential. Based on 
our experience with the coupling to the KK channel, it is possible that an equivalent 
treatment of the pp channel (see sect. 3.2) could supply much of the absent low-mass 
isoscalar t-channel exchange. However, at this point in the development of the 
TABLE 4 
Experimental and theoretical scattering lengths for rn (upper part) and K-V+ (lower 
part) scattering. The experimental data are taken from ref. 30). In the Krr case we have 
chosen these data which were available for all three scattering lengths from the same group. 
The results shown in the last column were obtained from model I leaving out the pole 
term in the s-channel 
a: Experiment Model I 
a: 0.26 * 0.05 0.31 
a; -0.028 f 0.012 -0.027 
a: 0.038 f 0.002 0.040 
02 (17*3)x 1o-4 9.1 x lo-* 
0: (1.3*3)x 1o-4 -2.6 x lo-’ 
a0 r/2 0.24* 0.002 0.23 
a0 s/2 -0.05 -0.064 
ai L/2 0.018 ;t 0.002 0.018 
Model II 
0.32 
0.24 
No resonance 
0.008 
5.3 x 1o-4 
0.005 
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model it is clear that the effects of this missing contribution are being absorbed in 
the parametrization of the vector-meson exchange. 
4.5. CROSS SECTIONS AND Y-MOMENTS 
All of the fitting that we have done has been to the phase shifts extracted by 
various authors 17*18*23) from scattering data. We have not attempted to achieve a 
best statistical fit to the total set of phase shifts and scattering lengths, but have 
simply adjusted the parameters “by hand” to get an approximate best fit. The danger 
in this is, of course, that small deviations from the experimental phase shifts in 
different partial waves can add coherently, so that an apparently good fit to several 
phase shifts may not produce nearly as good-looking a fit to the actual experimental 
data. Here we examine the fit of our model to cross sections and to the Y-moments 18) 
for ~9r scattering. 
The data for n+r- total cross section and the result of our model is shown in 
fig. 15. In general, the fit of the model to the cross section is as good as the fit to 
the different phase shifts. The slight deviation in the 1.0-1.15 GeV energy region 
(just above the KK threshold) is consistent with the discrepancy between the model’s 
prediction for the I =0 s-wave phase shift and the s-wave phase shift of the 
Protopopescu et al. 18) analysis. The cross section for r+Y+ KK is shown in fig. 
16. Our model undershoots the data of Protopopescu, just as expected from the fit 
to the elasticity parameter - our 7: ’ IS somewhat closer to unity than that of 
Protopopescu, but in better agreement with later analyses 17,23). Since the only open 
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Fig. 15. The n+r- total cross section computed with model I (dashed curve) and model II (solid curve). 
The data are from refs. Is). 
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Fig. 16. The total cross section for 7r+v- + KR caiculated with model I (dashed curve) and model II 
(solid curve) compared with the data of refs. “@). 
channel we have considered is the KK s-wave, this is not surprising. Protopopescu’s 
analysis includes some inelasticity in three partial waves. Inclusion of the KK 
channel in other partial waves in our calculation could make enough difference in 
the relatively small inelastic cross section to achieve a substantially better fit. 
For the sake of completeness, comparison of the model’s predictions for the 
Y-moments for T+T- elastic scattering (for definitions see ref. 18)), which gives 
some indication of the fit to the differential cross section, are shown in fig. 17. The 
differences here, especially those above 1.0 GeV, which are directly traceable to the 
discrepancies between our phases and elasticities and the Protopopescu analysis, 
are not unexpected. Since the moments at higher energies become especially sensitive 
to d-, f- and higher partial waves, and we have included no 1 = 1, J = 3 or higher 
resonances, the discrepancies are not surprising. We note in particular the behavior 
of Yi, which is particularly sensitive to f-waves. 
5. Kaon-pion scattering 
Our model for the ?TT interaction can now be extended in a straightforward way 
to the KT system. This system is of special interest since a considerable part of our 
model for the KT interaction, namely the t-channel exchange contributions (see 
fig. 2), are completely determined by the previous study of the coupled ( TT, KK) 
system. Only additional pole cont~butions in the s-channel have to be adjusted 
separately. 
We start with the 1= i, Jp = O+ channel of the KT system, which is the analog 
of the I = 0, Jp = O+ wave in the TT system. (Note that kaons have isospin f and 
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Fig. 17. The Y-moments calculated with model I (dashed curve) and model II (solid curve). Empirical 
values are taken from the analysis of ref. I’). 
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no definite G-parity.) In addition to the older phase shift analyses 3’-33) there are 
now very high-statistics data”6) for this channel. In a first step, we include the 
t-channel interaction (p, K*-exchange) only (model I). As fig. 18 demonstrates, it
is by far the most important part of the KT interaction below 1 GeV. In contrast 
to the OTT case, there is no appreciable channel coupling: the only possible open 
channel below 1.5 GeV is the Kv system, which can be neglected because of the 
weak diagonal interaction. On the other hand, similar to the TT case, there are 
strong deviations of the predictions of model I from the experimental phase shifts 
above 1 GeV, which again require the introduction of a genuine scalar meson (the 
analog of the E meson discussed in sect. 4.3). This meson, with strangeness and 
I(fP) =$ (O+), is usually denoted as K. We mention that the scalar channel of the 
Kar system is actually simpler than the in- system because here we expect only one 
single-meson resonance: the member of the scalar octet. 
Again we have the ambiguity of coupling the scalar meson K to the two pseudo- 
scalar mesons K, T: one can either use scalar or derivative coupling. Based on 
derivative coupling and a bare K mass of 1.6 GeV, the sum of t-channel interactions 
and K pole graph leads to the result shown in fig. 18. The corresponding physical 
cc-mass is 1430 MeV with a width of f = 300 MeV. The nearly perfect agreement 
between the experimental and theoretical S$’ phase shift strongly supports our 
model. We should, however, also bear in mind that channel coupling may become 
important around 1.5-1.6 GeV where the pK* and wK* thresholds lie. Investigations 
of these effects are in progress. 
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Fig. 18. The I = 4, J = 0 KCT phase shift calculated with model I (dashed curve), which omits the K 
meson s-channel cont~bution, and model II (solid curve), which contains the K meson cont~bution 
with gradient coupling. The data are from the analyses of refs. 31-34). 
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Further excellent tests for the meson-exhange interaction in the t-channel are the 
6:” and 6:” phase shifts. Like the 8; and 8: phase shifts in nn scattering, all of 
the effects come from the t-channel interaction. The good agreement between theory 
and experiment shown in fig. 19 indicates that our model of the interactions works 
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Fig. 19. The I = $ phase shifts of model I for J = 0 (a) and J = 1 (b) compared with analyses of refs. 32*36) 
and data from ref. 35). The interaction in these channels is due solely to t-channel meson exchange. 
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Fig. 20. The I = 5, J = 1 Kli phase shift showing the effect of t-channel exchange alone (dot-dashed 
curve) and the result of including the K* as a driving term in the potential (solid curve). The data are 
from ref. 24). 
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,21. The K+rr- total cross section calculated with model I (dashed curve) and model II (solid curve). 
The data are from ref. 3’). 
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well, especially since all of the relevant parameters have been fixed by the fit in the 
7~7r sector. 
The phase shift for the I = $, J = 1 Kn. channel is dominated by the K” resonance, 
as seen in fig. 20. The excellent fit to the phases in the energy region of the K* 
results in the excellent overall fit to the K+n- total cross section shown in fig. 21. 
The importance of the K* is evident. On the other hand, the bare K* resonance is 
strongly modified due to the coupling to the Krr channel, as one can see from 
table 3. Finally, the predictions for the scattering lengths are again in perfect 
agreement with empirical information (see table 4). 
6. Summary and conclusions 
The indications that in the limit of a large number of colors QCD at low energies 
become a theory of weakly interacting mesons has led us to attempt o explain low 
energy meson-meson scattering in the framework of meson exchange. The fact that 
meson-meson scattering amplitudes remain elastic well above the energy threshold 
for multiple pion production makes the treatment of meson exchange through a 
quasipotential in a scattering equation possible. Indeed, even after the onset of 
inelasticity (e.g., the KK channel), the inelasticity occurs mainly in two-body 
channels, so that much of the effect of inelasticity can be included through the 
device of channel coupling in the scattering equation. 
In the model we have constructed, meson exchanges, both in the s- and t-channels, 
are the sole driving factors. All the mesons considered in the model are either 
well-established particles - ?r, K, 7, p, o, K*, n’, fi, (p - or are expected from the 
quark model - E, K - and for which there exists considerable experimental evidence. 
The coupling constants are consistent in almost all cases with SU(3) symmetry, 
although the use of physical masses and different form factor parameters results in 
considerable symmetry breaking in the interaction. However, the form factor par- 
ameters, which we view as an expression of the unknown underlying multi-quark 
effects, are all in the range expected from hadronic sizes, i.e., 1.5-4 GeV. 
In our model we consider the pseudoscalar mesons as elementary modes which 
are described in the underlying quark model as correlated quark-antiquark pairs. 
The resonances (mesons) in the other channels which we have investigated are of 
a more complicated structure. There exist, first of all, genuine (“bare”) resonances 
which can be considered as correlated quark-antiquark systems, but in addition 
there are correlated pairs of pseudoscalar mesons with the same quantum numbers 
which strongly couple to the genuine resonances. These correlated pairs of pseudo- 
scalar mesons are described in the quark model as two-quark-two-antiquark systems. 
Due to the coupling to the pseudoscalar mesons, the genuine resonances are strongly 
shifted in energy. Therefore the bare masses of these resonances are, in general, 
very different from the physical ones, and lie in all cases beyond 1 GeV. The spectrum 
below 1 GeV is strongly influenced by the correlated pseudoscalar meson pairs, 
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whereas in the s-wave 7rrr and K7r phase shifts the scalar E and K mesons have 
only little influence on the phases below 1 GeV - provided that derivative coupling 
is chosen. The jump in the I = 0 s-wave err phase shift turns out to be due to a 
quasi-bound KK pair in our model, with a width of 30 f 5 MeV. 
Application of the model to the ~7r and K7r systems yields an excellent quantitative 
fit to all the experimentally measured phase shifts in the energy range up to 1.5 GeV, 
although discrepancies at the highest energies suggest that it may be necessary to 
include coupling to channels with thresholds slightly above 1.5 GeV. The model can 
easily be extended to include such channels without introducing additional par- 
ameters. While some partial waves require an s-channel pole in the quasipotential, 
the t-channel exchange processes are found to play an important role in the low 
energy behavior of the phase shifts and to have substantial influence on the observed 
widths of the resonances. It is gratifying to note that the partial waves in which 
resonances are absent and are, therefore, entirely given by t-channel exchange, are 
also very well described by the model. It is our hope that the model will find use 
in explaining processes where many of the same vertices occur, e.g. in meson-nucleon 
interactions, or in interactions requiring a reliable off-shell extrapolation of the 
meson-meson T-matrix. 
Coming back to the questions raised in the introduction, we have shown that, in 
spite of the absence of strong short-range repulsion, the meson-exchange picture 
works remarkably well - for the Ka as well as for the rn system. Even beyond 
1 GeV there is no need for introducing explicit quark effects. Of course, the under- 
lying parameters - coupling constants, bare and cutoff masses - have ultimately to 
be derived from QCD. 
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